Leonard P.; and Ramkumar, Vickram, ,"Adenosine A1 receptor protects against cisplatin ototoxicity by suppressing the NOX3/STAT1 inflammatory pathway in the cochlea." The Journal of Neuroscience.36,14. 3962-3977. (2016 Cisplatin is a commonly used antineoplastic agent that produces ototoxicity that is mediated in part by increasing levels of reactive oxygen species (ROS) via the NOX3 NADPH oxidase pathway in the cochlea. Recent studies implicate ROS generation in mediating inflammatory and apoptotic processes and hearing loss by activating signal transducer and activator of transcription (STAT1). In this study, we show that the adenosine A 1 receptor (A 1 AR) protects against cisplatin ototoxicity by suppressing an inflammatory response initiated by ROS generation via NOX3 NADPH oxidase, leading to inhibition of STAT1. Trans-tympanic administration of the A 1 AR agonist R-phenylisopropyladenosine (R-PIA) inhibited cisplatin-induced ototoxicity, as measured by auditory brainstem responses and scanning electron microscopy in male Wistar rats. This was associated with reduced NOX3 expression, STAT1 activation, tumor necrosis factor-␣ (TNF-␣) levels, and apoptosis in the cochlea. In vitro studies in UB/OC-1 cells, an organ of Corti immortalized cell line, showed that R-PIA reduced cisplatin-induced phosphorylation of STAT1 Ser 727 (but not Tyr
Introduction
Adenosine is a ubiquitous metabolite of ATP, which mediates its physiological actions in part by activating adenosine A 1 receptors (A 1 ARs). These receptors have been extensively characterized for their role in cytoprotection. Activation of the A 1 AR protects against ischemic and oxidative stress in the cardiovascular system, renal system, and CNS. Several effector systems regulated by the A 1 AR, such as adenylyl cyclase, K ϩ channels, and antioxidant enzymes, likely contribute to cytoprotection (Fredholm et al., 2011) . A cytoprotective role of adenosine has been clearly defined in the CNS. For example, adenosine protects against transient ischemia (Daval et al., 1989; Rudolphi et al., 1992) and against audiogenic seizures (De Sarro et al., 1991) . Activation of the A 1 AR plays an important role in limiting seizures and the subsequent neuronal cell death resulting from them (Boison, 2006) . Accordingly, a lack of A 1 AR predisposes mice to seizure-induced deaths (Fedele et al., 2006; Kochanek et al., 2006) . In contrast, induction of A 1 AR expression in the rat brain by chronic caffeine ingestion renders these animals more resistant to cerebral ischemia (Rudolphi et al., 1989) , whereas downregulation of these receptors exacerbated the ischemic damage (von Lubitz et al., 1994) . Adenosine is also an important mediator of ischemic preconditioning, a process by which prior ischemic challenges confer resistance to subsequent ischemic damage (Schulte et al., 2004; Lankford et al., 2006) . A role of adenosine in cochlear functions was suggested from early experiments in the frog labyrinth system, a model system for studying hair cell function. These experiments indicate modulation of afferent neurotransmission in hair cells by adenosine (Bryant et al., 1987) . Studies from our laboratory were the first to provide direct evidence of cochlear A 1 AR in rat. At approximately the same time, Nario et al. (1994) demonstrated that perilymphatic perfusion of adenosine decreased endocochlear potentials in the guinea pig. We have also shown that administration of the A1AR agonist R-phenylisopropyladenosine (R-PIA) to rats via round window application increased the activities of antioxidant enzymes and reduced lipid peroxidation in the cochlea in vivo (Ford et al., 1997) , supporting a protective role of the cochlear A 1 AR. R-PIA was also shown to protect cochlear explants from damage induced by cisplatin (Hu et al., 1997) and against noise-induced loss of hair cells in the rat cochlea (Hight et al., 2003) .
More recent studies have confirmed the protective role of adenosine and the A 1 AR in cochlear protection. For example, the adenosine amine congener (ADAC) protected against noiseinduced hearing loss when administered by the intraperitoneal route (Vlajkovic et al., 2010) . A combination of R-PIA and glutathione monoethylester protects against noise-induced hearing loss in the chinchilla cochlea. Furthermore, elevation of adenosine levels by inhibition of adenosine kinase protected against age-related hearing loss (Vlajkovic et al., 2011) and ADAC protected against cisplatin ototoxicity (Gunewardene et al., 2013) .
A role of inflammation in sensorineural hearing loss is supported by several observations. For example, middle ear infection (otitis media; Paparella et al., 1972) and meningitis (Merchant and Gopen, 1996) are usually associated with hearing loss in children. Noise trauma could also induce an inflammatory response in the inner ear (Fujioka et al., 2006) . A recent study has shown that cisplatin-induced ROS generation is a key contributor to cochlear inflammation and apoptosis of cells in the cochlea (Kaur et al., 2011) . In this study, we show that ROS activation of signal transducer and activator of transcription 1 (STAT1) contributes to cisplatin-induced inflammation and ototoxicity. Moreover, we show that the A 1 AR-mediated protection involves suppression of ROS-dependent inflammatory response in the cochlea.
Materials and Methods

Drugs and reagents. Cisplatin (-)-N
6 -(2-Phenylisopropyl)-adenosine (R-PIA), 8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), diphenyleneiodonium (DPI), and TRI reagent, ERK1/2 inhibitor (PD98059) were purchased from Sigma-Aldrich. 2Ј,7Ј-dichlorodihydrofluorescein diacetate (H 2 DCFDA) dye for ROS generation was from EMD Biosciences.
JNK inhibitor (SP600125) was from Tocris Bioscience and p38 inhibitor (SB230580) was from Calbiochem. Various antibodies used and their dilutions were as follows: STAT1 (1:5000), inducible nitric oxide synthase (iNOS, 1:1000), cyclooxygenase-2 (COX-2, 1:1000), tumor necrosis factor-␣ (TNF-␣, 1:500), p-STAT1 (1:1000) (both serine 727 and tyrosine 701), caspase-3 (1:1000), Bcl2 (1:1000), Phospho p38 and p38 (1:1000) ( all from Cell Signaling Technology). Rabbit polyclonal myosin VIIA antibody (1:200) was from Proteus Biosciences (catalog #25-6790). Phospho ERK1/2 (1:2000) and ERK1/2 (1:4000), A 1 AR (1:100), goat anti-rabbit, donkey anti-goat, and goat anti-mouse secondary antibodies were from Santa Cruz Biotechnology. Fluorescent-tagged (Dylight 488 and TRITC) secondary antibodies were from Jackson ImmunoResearch.
Animal procedures and sample collection. Male Wistar rats (200 -250 g) were used for this study. Pretreatment auditory brainstem responses (ABRs) were performed immediately before trans-tympanic application of R-PIA or DPCPX ϩ R-PIA for 1 h. Cisplatin (11 mg/kg) was administered intraperitoneally over a period of 30 min using an infusion pump in rats anesthetized with ketamine and xylazine. There was no evidence of middle ear effusion or infection in these animals. Posttreatment ABRs were then performed 72 h after cisplatin administration. Cochleae were dissected and used for total RNA and perfused with 2.5% glutaraldehyde for scanning electron microscopy (SEM) or with 4% paraformaldehyde for immunohistochemistry. All animal procedures used were approved by the Southern Illinois University Laboratory Animal Care and Use Committee.
Trans-tympanic administration of adenosine A 1 receptor agonist and antagonist. The procedure used for trans-tympanic administration of adenosine A 1 receptor agonist and antagonist was similar to that used in our laboratory in rats previously . Rats were anesthetized with ketamine and xylazine. Fifty microliters of solution were injected into the middle ear (drugs were resuspended in 50 l solution, pH 7.2, for the desired concentration). The rat was then left undisturbed for 15 min with the treated ear facing up. This procedure was then repeated in the other ear.
Evoked potentials. ABRs were determined as described previously (Mukherjea et al., 2008) . Animals were tested with a stimulus intensity series that was initiated at 10 dB SPL and reached a maximum at 90 dB SPL, with 10 dB increments. The auditory stimuli included tone bursts at 8, 16, and 32 kHz with a 5 ms plateau and a 1 ms rise/fall time presented at a rate of 5 /s. Threshold was defined as the lowest intensity capable of evoking a reproducible, visually detectable response with two distinct waveforms (from waves 2 and 3) and minimum amplitude of 0.5 V. These waves were chosen because they consistently showed the highest amplitudes and were more responsive to lower sound levels.
Morphological studies by SEM. Immediately after completion of posttreatment ABRs, deeply sedated rats were killed and their cochleae were harvested and processed as described previously (Mukherjea et al., 2008) . Sputter-coated cochleae were then viewed and photographed with a Hitachi S-500 scanning electron microscope.
Hair cell count. Hair cell counts were performed as described previously (Mukherjea et al., 2008) . Two representative areas of the basal turn, middle turn, and apex and hook portion were photographed. In each area, outer hair cells (OHCs) were counted in an area that was 10 pillar cell heads in length. The results are presented as the percentage hair cell damage per cochlear turn. At least three cochleae from different animals per treatment group were used.
Processing of cochleae for immunohistochemistry. Cochleae were perfused with 4% paraformaldehyde, decalcified in 0.1 M EDTA, pH 7.4, at room temperature for 2 weeks, paraffin embedded, and sectioned. Immunolabeling studies were performed as described previously (Mukherjea et al., 2008 (Mukherjea et al., , 2011 . Slides were then imaged using a Leica confocal microscope. Images were analyzed and quantified using the Leica confocal microscope software (LAS AF Lite). From each sample, immunofluorescence readings were captured from five different regions of the stria vascularis and spiral ligament or individual cells (for the spiral ganglion and hair cells). Ten cells were counted for each sample in the spiral ganglion and three OHCs were counted in organ of Corti. Care was taken to choose sections from approximately the same area (basal turn) of the cochlea. The readings were averaged to give the final fluorescence for each cochlear region. Other decalcified samples were used for wholemount preparations, which were used to show expression of A 1 AR and myosin VIIA in the inner hair cells (IHCs) and OHCs.
TUNEL assay in cochlear sections. In vivo apoptosis was detected by TUNEL assay using Fluorescein FragELTM DNA fragmentation detection kit (EMD Biosciences). Briefly, cochleae were perfused with 4% paraformaldehyde, decalcified for 2 weeks, paraffin embedded, and sectioned. The cochlear sections were then deparaffinized and rehydrated, followed by permeabilization of the sections using proteinase K (1:100 dilution) (provided in the kit) for 20 min at room temperature. At the end of incubation, the slides were rinsed with 1ϫ Tris-buffered saline (TBS). The slides were then incubated with 1ϫ terminal deoxynucleotidyl transferase (TdT) equilibration buffer for 10 -30 min. After the incubation was over, 60 l of TdT labeling reaction mixture was applied on each section and the slides were the placed in a humidified chamber and incubated for 1-1.5 h at 37°C. Next, the slides were rinsed twice with 1ϫ TBS. Glass coverslips were mounted using Fluorescein-FragELTM mounting medium. Excess mounting media was wiped off and the edges were sealed using nail polish. Slides were then imaged using a Leica confocal microscope.
Cell culture. Immortalized organ of Corti cells derived from the mouse, UB/OC-1 cells, were obtained from Dr. Matthew Holley (Institute of Molecular Physiology, Sheffield, UK) and cultured in RPMI 1640 supplemented with 10% Fetalclone II serum (Hyclone), penicillin/streptomycin, and normocin (Invitrogen). Cultures were grown at 33°C in an incubator with 10% CO 2 .
H2DCFDA assay. ROS generation was measured with the green fluorescent dye H2DCFDA as described previously (Mukherjea et al., 2008) . Briefly, UB/OC-1 cells were treated with DPCPX (3 M) for a half hour, followed by R-PIA (1 M) for another half hour. Cells were then treated with cisplatin for 15 min, followed by incubation with 5 M H2DCFDA dye for 15 min. ROS generation was detected as green fluorescence by confocal microscopy.
Immunocytochemistry. To detect nuclear translocation of p-STAT1 after cisplatin treatment by immunofluorescence staining, UB/OC-1 cells were first plated in a 12 well plate. After the cells adhered to the plate surface, they were treated with 3 M DPCPX for a half hour and then with R-PIA (1 M) for another half hour. At the end of incubation period, cells were treated with cisplatin (2.5 M) for 45 min. After the treatment, the cells were fixed with 4% paraformaldehyde (Sigma-Aldrich), followed by washing with 1ϫ PBS. Coverslips were then incubated with solution A, a mixture of 5% donkey serum (Jackson ImmunoResearch) and 0.5% Triton-X (Sigma-Aldrich) in PBS for 30 min at room temperature. Primary antibody against p-STAT1 (1:300 dilution) in solution A was then added and incubated at 4°C overnight. After 3 washes with 1ϫ PBS, the cells were incubated with Dylight 488-labeled anti-rabbit secondary antibody (1:600 dilution) in the dark for 1 h. After 3 washes with 1ϫ PBS and 2 washes with fresh distilled water, the coverslips were mounted on glass slides using Vectashield mounting medium (Vector Laboratories) before examination under a Leica confocal microscope.
Apoptosis detection by flow cytometry. Apoptotic cells were labeled and visualized using an FITC Annexin V Apoptosis detection kit (BD PharMingen). Briefly, UB/OC-1 cells were treated with DPCPX (3 M) for a half hour, followed by R-PIA (1 M) for another half hour. Cells were then treated with cisplatin (20 M) for another 24 h. At the end of the treatment, the cells were washed with PBS and harvested in a 0.5% trypsin/EDTA solution at 37°C, centrifuged at 220 ϫ g for 5 min, and then immediately resuspended in the buffer provided in the kit. Cells (1 ϫ 10 5 cells/500 l) were then maintained in the dark for 15 min at room temperature with 5 l of both FITC-conjugated Alexa Fluor V and propidium iodide and samples were analyzed immediately by a flow cytometry (BD FACSCalibur). The results were analyzed using the CellQuest software provided with the FACSCalibur. Early apoptotic cells are displayed in the lower right quadrant of each dot plot; necrotic or late apoptotic cells are reported in the upper right quadrant of the plot.
Flow cytometry for A 1 AR expression. UB/OC-1 cells were treated with either vehicle or cisplatin (2.5 M) for 24 h. At the end of the 24 h incubation period, the cells were resuspended in 1ϫ PBS ϩ 10% fetal calf serum ϩ 1% sodium azide solution, followed by staining with the unconjugated primary antibody solution of goat polyclonal A 1 AR IgG (catalog #sc-7500; Santa Cruz Biotechnology) at a 1:200 dilution in 3% BSA in 1ϫPBS at 4°C for 30 min. After washing the pellet twice with 1ϫ PBS, the cells were stained with secondary antibody solution (FITC goat antirabbit; 1:100 in 3% BSA in 1ϫ PBS) for 30 min in the dark at 4°C. Finally, the pellet was resuspended in 1ϫ PBS ϩ 3% BSA ϩ 1% sodium azide solution and labeled cells were analyzed by flow cytometry (BD FACSCalibur). The results were analyzed using the Cell Quest software provided with the FACSCalibur.
Luciferase assay. UB/OC-1 cells were transfected with 0.8 g of STAT1 p84/91 from Panomics and 0.2 g of pGL3 Renilla, a kind gift from Dr. Y.Y Mo (University of Mississippi Medical Center, Jackson, MS) using SuperFect transfection reagent (Qiagen). Briefly, for each well of a 12 well plate, plasmid DNA mixed in 75 l of serum-free media, 0.8 g of STAT1 luciferase plasmid, and 0.2 g of pGL3 Renilla luciferase plasmid was diluted, mixed, and incubated for 5 min. Transfection reagent (6 l) was added to the above solution, vortexed gently, and incubated for 10 min at room temperature. The DNA transfection reagent complex was then added to the wells containing 400 l of serum-free medium. The serumfree medium was changed with whole serum medium after 6 h and the plate was incubated for another 30 h at 33°C. Pretreatments with DPCPX (3 M) and R-PIA (1 M) were performed for 30 min, followed by treatment with cisplatin (2.5 M) for another 8 h. Luciferase activity was assessed with the Dual-Luciferase Reporter Assay kit (Promega) according to the manufacturer's protocol. Briefly, the cells were harvested using the lysis buffer provided in the kit. Next, 25 l of the lysate was mixed with 25 l of luciferase assay substrate and luciferase activity was measured using a Berthold detection system luminometer. To measure the activity of the control Renilla luciferase, 25 l of Stop & Glo substrate (Promega) was then added to the lysate mixture and luminescence was measured again. Renilla luciferase was used for normalization.
Western blot analysis. UB/OC-1 cells were homogenized in ice-cold 50 mM Tris HCl, 10 mM MgCl 2 , and 1 mM EDTA in the presence of protease inhibitor mixture (Sigma-Aldrich) and phosphatase inhibitor 1 (SigmaAldrich). The whole-cell lysates were then used for Western blotting as described previously . After transfer to nitrocellulose membranes, blots were probed with different primary antibodies, followed by a horseradish peroxidase-tagged secondary antibody, and visualized by chemiluminescence detection (Pierce Biotechnology) using charged-coupled device LAS 4000 (Fujifilm). Densitometric analysis of the blots was performed with MultiGauge version 2.0 software.
RNA isolation and real time RT-PCR. RNA was isolated from UB/OC-1 cell cultures and rat cochleae by adding 1 ml of TRI reagent to 100 mg of each cochlea or 0.5 ml of TRI reagent per well of each 6 well plate and real-time RT-PCR studies were also performed as described previously (Mukherjea et al., 2008 (Mukherjea et al., , 2011 . The cycle number at which the sample reaches the threshold fluorescent intensity was termed the cycle threshold (Ct). The relative change in mRNA levels between untreated control (1) and treated sample (2) was measured using the following formula: 2 (Ct Target gene1ϪCt GAPDH1)Ϫ(Ct Target gene2ϪCt GAPDH2) (Soong et al., 2001) . Negative controls for both target gene and GAPDH were used for all reaction groups. Gene-specific primer pairs were used for the various reactions and mRNA expression levels were normalized to the levels of GAPDH. The primer sets were purchased from Sigma-Aldrich and were as follows:
Rodent-GAPDH (sense): 5Ј-ATGGTGAAGGTCGGTGTGAAC-3Ј; (antisense): 5Ј-TGTAGTTGAGGTCAATGAAGG-3Ј; rodent-NOX3 (sense): 5Ј-GTGAACAAGGGAAGGCTCAT-3Ј; (antisense): 5Ј-GACCCA CAGAAGAACACGC-3Ј; rodent-STAT1 (sense): 5Ј-CATGGAAATCAGA CAGTACCT-3Ј; (antisense): 5Ј-TCTGTACGGGATCTTCTTGGA-3Ј; rodent-TNF-␣ (sense): 5Ј-CAGACCCTCACACTCAGATCA-3Ј; (antisense): 5Ј-TGAAGAGAACCTGGGAGTAGA-3Ј; rodent-iNOS (sense):5Ј-CATTCTACTACTACCAGATC-3Ј; (antisense): 5Ј-ATGTGCTTGTCAC CACCAG-3Ј; rodent-COX-2 (sense): 5Ј-TGATCGAAGACTACGT GCAAC-3Ј; (antisense): 5Ј-GTACTCCTGGTCTTCAATGTT-3Ј; rodent-A 1 AR (sense): 5Ј-CATCCCACTGGCCATCCTTAT-3Ј; (antisense): 5Ј-AGGTATCGATCCACAGCAATG-3Ј.
Cochlear explant cultures. Cochleae were extracted from neonatal mice at postnatal day 3 (P3) to P5 in dissection medium containing 1ϫ HBBS and 25 mM HEPES, pH 7.5. They were then transferred to a 35 mm Petri dish containing explant culture media (DMEM with glucose and glutamine ϩ 1% FCS ϩ ampicillin and ciprofloxacin) and the organs of Corti (explants) were isolated. The explants were cultured at 37°C in 5% CO 2 for 1 d before drug treatment.
Morphological studies by cochlear whole-mount preparation. Isolated adult rat cochleae were perfused with 4% paraformaldehyde and kept overnight at 4°C in the same solution for fixation. Then, cochleae were decalcified in 0.1 M EDTA, pH 7.4, with stirring at room temperature for 2 weeks. After decalcification, the cochleae were microdissected into basal, middle, and apical turns for whole-mount preparation.
Statistical analysis. Data are presented as mean Ϯ SEM. Statistical significance differences among groups were performed by either Student's t test or ANOVA followed by Tukey's post hoc test wherever appropriate.
Results
A 1 ARs are expressed on cochlear OHCs
We have shown previously that the rat cochlea expresses A 1 ARs, the activation of which led to inhibition of adenylyl cyclase activity , stimulation of antioxidant enzymes, and a reduction in lipid peroxidation (Ford et al., 1997a) . Additional studies have also shown that the chemotherapeutic agent cisplatin induces the expression of the cochlear A 1 AR, which likely represents a compensatory mechanism by the cochlea to counter the toxic effects of increased ROS generation by cisplatin (Ford et al., 1997b) . Activation of A 1 AR was also shown to confer protection of OHCs against cisplatin-induced damage and death and hearing loss (Whitworth et al., 2004; Gunewardene et al., 2013) . However, it has been suggested that A 1 ARs are not localized to OHCs, but rather are found on IHCs, Deiter's cells, and spiral ganglion (SG) neurons (Vlajkovic et al., 2009 ). In whole-mount preparations obtained from adult rats, we show A 1 AR immunoreactivity on both OHCs and IHCs (Fig. 1A) , where they colocalize with myosin VIIA, a marker of hair cells. However, A 1 AR immunolabeling was certainly more intense in IHCs, as reported earlier (Vlajkovic et al., 2007 (Vlajkovic et al., , 2009 ). Quantification of immunofluorescence shows A 1 AR staining in IHCs was 115 Ϯ 5% of that observed in OHCs (mean Ϯ SEM, n ϭ 4). Orthogonal sections (Fig. 1B) clearly show staining for the A 1 AR in OHCs from rat cochlea. Cisplatin increased the expression of A 1 AR in the cochlea, as indicated by qPCR studies (n ϭ 5, Fig. 1C ). Interestingly, this effect was attenuated by the A 1 AR agonist R-PIA, suggesting that activation of the A 1 AR negatively influences its induction by cisplatin. Similarly, we observed an increase in A 1 AR immunolabeling of 52 Ϯ 7% (n ϭ 5, p Ͻ 0.05) in the OHCs 3 d after cisplatin treatment Figure 1 . Presence of A 1 AR in rat cochlear hair cells. A, Whole-mount preparations of adult rat organ of Corti were stained with antibodies against the A 1 AR, myosin VIIA, or DAPI and imaged by confocal microscopy. High levels of A 1 AR immunoreactivity was observed in IHCs, with lower levels in OHCs. Similar patterns of myosin VIIA immunolabeling was detected, with a significant degree of colocalization in IHCs. Orthogonal sections of these images are shown in B and indicate localization of A 1 AR to IHCs and OHCs with a significant degree of colocalization. C, Rat were treated with cisplatin (11 mg/kg, i.p.), killed 3 d later, and their cochleae were dissected out and processed for RNA and for expression of A 1 AR by real-time PCR. Cisplatin produced a significant increase in A 1 AR expression, which was blocked by R-PIA. Pretreatment with DPCPX before R-PIA reversed the inhibition of A 1 AR induction by cisplatin. *Statistically significant difference from vehicle-treated group; **statistically significant difference from cisplatin-treated group; ***statistically significant difference from R-PIA-treated group (n ϭ 5, p Ͻ 0.05). D, Rats were treated with vehicle or cisplatin (11 mg/kg, i.p.), killed 3 d later, and their cochleae were dissected out, decalcified over a 3 week period, and used for whole-mount preparations. These preparations were stained and imaged by confocal microscopy. Images of OHCs show increased levels of A 1 AR immunoreactivity with little change in myosin VIIA.
( Fig. 1D) , but a significant decrease in myosin VIIA immunoreactivity of 25 Ϯ 4% (n ϭ 5, p Ͻ 0.05).
Activation of A 1 AR prevented cisplatin-induced hearing loss and damage to OHCs
Previous studies have indicated that round window application of R-PIA reduced cisplatin-induced hearing loss and hair cell damage (Whitworth et al., 2004) . In this study, we showed a similar effect of R-PIA when administered by the trans-tympanic route. Male Wistar rats were treated with vehicle or R-PIA (50 l of 0.1 mM solution), followed by intraperitoneal administration of cisplatin (11 mg/kg) 30 min later. ABRs were assessed immediately before (pretreatment ABRs) and 3 d after cisplatin administration (posttreatment ABRs). The administration of vehicle produced minimal change in ABR thresholds from pretreatment values. Cisplatin elevated thresholds averaged 5 Ϯ 2, 8 Ϯ 3, and 30 Ϯ 2 dB at frequencies of 8, 16, and 32 kHz, respectively ( Fig.  2A) . However, trans-tympanic R-PIA significantly attenuated cisplatin-induced changes in ABR thresholds at 8, 16, and 32 kHz ( p Ͻ 0.05, n ϭ 5). The ABR thresholds shifts in the R-PIA ϩ cisplatin-treated animals were 0, 0, and 3 Ϯ 1 dB for 8, 16, and 32 kHz, respectively, demonstrating a pronounced inhibitory effect on hearing loss assessed at different frequencies by R-PIA, especially at the highest frequency. Co-administration of A 1 AR antagonist, DPCPX (50 l of 0.1 mM solution), completely reversed the protective effect of R-PIA ( Fig. 2A) . SEM images of the organ of Corti obtained from the animals treated above showed extensive loss of OHCs in the basal turn of the cochleae obtained from animals treated with cisplatin (Fig. 2B ). In addition, the remaining OHCs in the basal turn showed significant disruption in stereociliary bundles. The extent of the loss or damage of OHCs in the basal turn averaged 77 Ϯ 11% (average of 4 cochleae) compared with vehicle-treated animals (Fig. 2C) . In contrast, the organ of Corti obtained from animals pretreated with R-PIA before cisplatin showed significantly reduced loss or damage of OHCs in the basal turn (9 Ϯ 7% loss of OHC). Disruption of stereociliary bundles was considerably reduced. Cochleae obtained from animals treated with R-PIA alone showed 7 Ϯ 2% damage in OHC morphology that was not significantly different from vehicletreated and R-PIA ϩ cisplatin-treated rats, which could reflect damage inherent to the procedure used for sample preparation. Pretreatment with a combination of DPCPX and R-PIA before cisplatin resulted in greater loss of OHCs (86 Ϯ 7%) compared with the vehicle-and cisplatin-alone-treated groups (Fig. 2C) , Figure 2 . Activation of the A 1 AR leads to inhibition of cisplatin-induced hearing loss in rats. A, ABR thresholds were recorded in Wistar rats treated with cisplatin (11 mg/kg, i.p.) after trans-tympanic administration of R-PIA (1 M) or DPCPX (3 M) ϩ R-PIA. Posttreatment ABRs, determined 3 d later, showed significant elevations in ABR thresholds, which were attenuated by R-PIA. The protective effect of R-PIA was reversed by DPCPX, which significantly enhanced the ABR shifts produced by cisplatin at all frequencies tested. Arrows indicate 0 ABR threshold shift. B, SEM studies performed on the cochleae show significant damage to OHCs (white arrows) by cisplatin, which was protected by the A 1 AR agonist R-PIA and exacerbated by DPCPX. C, Quantitative analysis of the SEM images. D, DPCPX exacerbates cisplatin-induced loss of OHCs without affecting IHCs. Cochlear explants from P5 mice were treated with vehicle, cisplatin, or cisplatin ϩ DPCPX (1 M) for 48 h, stained for myosin VIIA, and imaged by confocal microscopy. E, Expression of A 1 AR in adult mouse organ of Corti. In these images, red represents myosin-VIIA and green represents A 1 AR. Data in A and C are presented as mean Ϯ SEM of five rats. Images shown in B and D are representatives of five similar images from different rats. *Statistically significant difference from vehicle-treated group; **statistically significant difference from cisplatin-treated group; ***statistically significant difference from cisplatin-treated group ( p Ͻ 0.05, n ϭ 5).
suggesting a partial protective action of the cochlear A 1 AR activation by endogenous adenosine in the cisplatin-treated rats. These findings confirm the utility of trans-tympanic administration of R-PIA against cisplatin-induced hearing loss. Because the OHCs express A 1 ARs, it is it is likely that activation of these receptors provided the protection afforded by the agonist. However, it is also possible that protection of the OHCs is mediated indirectly by reductions in cisplatin-induced damage to other regions of the cochlea, such as IHCs, stria vascularis (SVA), SG, or spiral ligament (SL). In addition, a previous study has shown direct inhibition by AR drugs of TRPV1 channels (Puntambekar et al., 2004) , which are also expressed on OHCs (Mukherjea et al., 2008) . Inhibition of these channels confers protection against cisplatin-induced hearing loss (Mukherjea et al., 2008) .
In most studies, IHCs appear to be resistant to cisplatininduced damage. We reasoned that the high expression of the A 1 AR in these cells could contribute to this resistance. To examine the role of the A 1 AR present on IHCs, we used organ of Corti explants from P5 mice. Explants were allowed to recover for 24 h in culture after dissection and were then incubated with vehicle, cisplatin (20 M), DPCPX (3 M), or DPCPX ϩ cisplatin for 48 h. Cisplatin produced a significant loss of OHCs, with some disruption of IHCs. Blockade of the A 1 AR with DPCPX potentiated the loss of OHCs, but did not significantly affect IHCs (Fig. 2D) . Counting the OHCs per field indicated ϳ66% loss of myosin VIIA-stained cells in the cisplatin-treated explants, but ϳ88% loss of cells in the DPCPX ϩ cisplatin-treated explants. These data suggest that activation of the A 1 ARs expressed on IHCs do not confer resistance of these cells to cisplatin. Additional immunohistochemical studies indicate that the mouse cochlea expresses A 1 AR, with higher levels in the IHCs than OHCs (Fig. 2E ). Similar expression of the A 1 AR was observed from the base to the apex of the cochlea (data not shown).
A 1 AR activation reduces ROS generation via NOX3
Cisplatin ototoxicity is mediated in part by ROS produced via NOX3 (Bánfi et al., 2004; Mukherjea et al., 2008) . ROS regulates STAT1 phosphorylation in pancreatic cancer cells by maintaining Janus kinase 2 (JAK2) in a constitutively active state (Simon et al., 1998) . In addition, we have also shown that ROS activate STAT1 via the ERK1/2 pathway (Kaur et al., 2011) . Therefore, we investigated whether R-PIA inhibits ROS generation via NOX3. These experiments were performed in UB/OC-1 cells, a cell line derived from the mouse embryonic cochlear hair cells that express hair cell markers such as Brn 3.1, myosin VIIA, and ␣ 9 nicotinic receptor (Rivolta et al., 1998) . These cells also express the A 1 AR, as depicted by flow cytometry and Western blotting (Fig. 3A) . Exposure of these cells to cisplatin for 24 h increased the levels of the A 1 AR protein (Fig. 3A) and mRNA (by 40 Ϯ 4%). These responses are similar to those observed in the cochlea of cisplatin-treated rats (Fig. 1D) . ROS generation was measured by live confocal imaging using H 2 DCFDA dye. Cisplatin increased the ROS levels in the cells, as indicated by enhanced green fluorescence compared with vehicle-treated cells (Fig. 3A) . The ROS generation by cisplatin was inhibited by pretreatment with R-PIA (Fig. 3B) . R-PIA also attenuated NOX3 expression induced by cisplatin both in UB/OC-1 cells (Fig. 3C ) and in the rat cochlea (Fig. 3D) , suggesting that the A 1 AR can regulate ROS generation by controlling both the activity and expression of the NOX3 gene. Accordingly, by acting on the A 1 AR, adenosine could serve as an endogenous inhibitor of NOX3 activity and expression. Interestingly, ROS positively regulates the expression of A 1 AR (Nie et al., 1998) . To confirm that ROS could induce NOX3 expression, we exposed UB/OC-1 cells to H 2 O 2 and measured the expression of NOX3 by real-time PCR. We observed a 1.5 Ϯ 0.1-fold increase in NOX3 when UB/OC-1 cells were exposed to 100 M H 2 O 2 for 24 h (Fig. 3E) . Furthermore, to determine a possible mechanism of induction of NOX3, we inhibited STAT1 using EGCG (100 M), a known inhibitor of this transcription factor. Data presented in Figure 3F show that EGCG inhibited the induction of NOX3 by cisplatin. These data suggest a reciprocal interaction between NOX3 and STAT1 in the cochlea.
A 1 AR inhibits cisplatin-induced activation of STAT1 in UB/ OC-1 cells and rat cochlea
Several studies have implicated the STAT1 transcription factor in mediating an inflammatory process in the inner ear resulting in hearing loss (Schmitt et al., 2009; Mukherjea et al., 2011; Kaur et al., 2011) . We have also shown previously that cisplatin-induced STAT1 activation is mediated via ROS generation (Mukherjea et al., 2011) . Because activation of A 1 AR inhibits ROS generation, we investigated whether it also inhibits cisplatin-induced STAT1 activation. For these experiments, UB/OC-1 cells were pretreated with R-PIA (1 M), followed by cisplatin (2.5 M), for 45 min. The levels of Ser 727 -phosphorylated STAT1 (Ser 727 p-STAT1) were increased by ϳ40% compared with vehicle-treated cells. R-PIA significantly reduced the cisplatin-induced Ser 727 p-STAT1 levels without altering the levels of total STAT1. Co-administration of DPCPX (3 M) with R-PIA (1 M) led to complete reversal of R-PIA-mediated inhibition of STAT1 activation produced by cisplatin (Fig. 4A) . However, co-administration of ZM241385 (3 M), an A 2A AR receptor antagonist, or MRS1523 (3 M), an A 3 AR antagonist, along with R-PIA did not inhibit the effect of R-PIA (data not shown). To- . B, UB/OC-1 cells were pretreated with R-PIA or DPCPX ϩ R-PIA for 0.5 h, followed by cisplatin treatment for 45 min. Cells were then fixed with 4% paraformaldehyde and stained with p-STAT1 antibody, followed by a fluorescein-tagged secondary antibody (green). Cisplatin increased p-STAT1 immunoreactivity in the UB/OC-1 cells, which coincided significantly with nuclei as seen in fluorescent images. Nuclear translocation of p-STAT1 was not observed in cells pretreated with vehicle, R-PIA, and DPCPX treatment alone. This is a representative of three experiments showing similar results. C, UB/OC-1 cells were transfected with a plasmid vector encoding STAT1 luciferase, along with a Renilla luciferase. After 36 h of transfection, the cells were treated with R-PIA and DPCPX, followed by treatment with vehicle or cisplatin (2.5 M) for 8 h. Lysates were prepared and used for determination of luciferase activity. Cotransfection of a plasmid expressing renilla luciferase allowed for normalization of luciferase activity in each well. D, UB/OC-1 cells were treated with R-PIA for 0.5 h, followed by cisplatin (2.5 M) for 24 h. RNA was isolated using TRIzol reagent and mRNA levels of TNF-␣, iNOS, and COX-2 were determined by real-time RT-PCR. GAPDH was used as a housekeeping gene and for normalization. E, R-PIA reduced IFN-␥ mediated STAT1 activity on Ser 727 , but not on the Tyr 701 , phosphorylation site. Cells were exposed to R-PIA (1 M) for 0.5 h, followed by treatment with IFN-␥ (250 units/ml) for 1 h. Cells lysates were subjected to immunoblotting for Ser 727 and Tyr 701 p-STAT1. Data are presented as mean Ϯ SEM of three independent experiments. *Statistically significant difference from vehicle-treated group; **statistically significant difference from cisplatin-treated group ( p Ͻ 0.05, n ϭ 3).
gether, these data suggest that inhibition of STAT1 by R-PIA is mediated specifically by the A 1 AR subtype. We did not examine Tyr 701 p-STAT1 because cisplatin was unable to induce phosphorylation of this site (Kaur et al., 2011) .
Cisplatin increased nuclear translocation of p-STAT1 within 45 min, as indicated by increased nuclear immunolabeling, compared with vehicle-treated cells. Nuclear Ser 727 p-STAT1 labeling (green color) was more intense in the cisplatin-treated cells compared with R-PIA alone or R-PIA ϩ cisplatin-treated cells (Fig.  4B) . The effect of R-PIA was blocked by DPCPX, implicating the A 1 AR in this process. Cisplatin also increased STAT1 luciferase activity by 2.7 Ϯ 0.3 fold, which was attenuated by R-PIA (1.0 Ϯ 0.1-fold; Fig. 4C ). Co-administration of DPCPX reversed the effect of R-PIA, as evidenced by increased STAT1 luciferase activity of 2.4 Ϯ 0.4 fold (Fig. 4C) . R-PIA also attenuated the expression of STAT1-regulated genes, such as TNF-␣, iNOS, and COX-2 (Fig. 4D) . Cisplatin significantly increased the mRNA levels of TNF-␣, iNOS, and COX-2 by 2.4 Ϯ 0.2, 2.8 Ϯ 0.1, and 2.2 Ϯ 0.1 fold, respectively, whereas pretreatment with R-PIA attenuated the respective increases to 1.4 Ϯ 0.3, 1.4 Ϯ 0.2, and 1.6 Ϯ 0.1 fold (statistically significant inhibition for all groups, p Ͻ 0.05). DPCPX not only blocked the effect of R-PIA, but also enhanced the expression of TNF-␣, iNOS, and COX-2 by 3.4 Ϯ 0.1, 3.1 Ϯ 0.1, and 2.3 Ϯ 0.2, respectively. The effect of DPCPX on cisplatininduced TNF-␣ expression was statistically significantly different from that of cisplatin alone ( p Ͻ 0.05), suggesting tonic suppression of the expression of this cytokine by endogenous adenosine via the A 1 AR (Fig. 4D) . We investigated whether R-PIA would also affect the response of interferon-␥ (IFN-␥), a known activator of STAT1. Treatment of UB/OC-1 cells with IFN-␥ (250 units/ml) increased phosphorylation of STAT1 at both Ser 727 and Tyr 701 by 3-and 2-fold, respectively, compared with vehicletreated cells. In cells pretreated with R-PIA (1 M), the IFN-␥ phosphorylation of Ser 727 STAT1 was reduced to ϳ1.5 fold, whereas the increased Tyr 701 phosphorylation was unaffected (Fig. 4E) . These data suggest that activation of A 1 AR specifically inhibits the Ser 727 , but not the Tyr 701 , phosphorylation of STAT1, which could contribute to the inhibition of expression of STAT1 responsive genes. Accordingly, the ototoxicity produced by cisplatin and attenuated by A 1 AR is attributable, at least in part, to phosphorylation of STAT1 at Ser 727 . Previous studies from our laboratory showed that cisplatin increased Ser 727 p-STAT1 immunolabeling in the rat cochlea. Increased immunolabeling was observed in the OHCs, SG, and SVA (Kaur et al., 2011) . We next determined whether transtympanic administration of R-PIA in rats could inhibit Ser noreactivity in the cochleae from rats administered vehicle, R-PIA, and DPCPX alone. Cisplatin increased Ser 727 p-STAT1 immunoreactivity in the cochleae, which was reduced by pretreatment with R-PIA (Fig. 5A) . Increases in Ser 727 p-STAT1 immunoreactivity induced by cisplatin were observed in the OHCs and SG cells, with no significant changes observed in SVA and SL cells (Fig. 5B) . These increases were attenuated by R-PIA. Co-administration of DPCPX and R-PIA before cisplatin not only attenuated the effect of R-PIA, but further increased Ser 727 p-STAT1 immunolabeling in the OHCs, but not in other regions (Fig. 5B ). Higher-magnification images indicate increased labeling of the OHC after cisplatin or cisplatin ϩ DPCPX treatments. Staining was also observed in regions below the OHCs, possibly reflecting labeling of Deiter's cells (Fig. 5C ). Immunolabeling was also prominent in the basilar membrane. The levels of STAT1 mRNA remained unchanged after cisplatin treatment (Fig. 5D) , suggesting that cisplatin activated, but did not induce, the expression of total STAT1 over this time period.
Activation of A 1 AR reduces cisplatin-induced inflammation
Adenosine regulates a variety of pathophysiological processes involving neuronal damage or death (Ribeiro et al., 2002) and inflammation (Cronstein, 1994) . In recent studies, the activation of ARs on immune cells suppressed the production of proinflammatory mediators, including TNF-␣ (Bouma et al., 1994; Haskó et al., 1996; Sajjadi et al., 1996) . In addition, Tsutsui et al. (2004) demonstrated that spinal cords from A 1 AR knock-out mice had increased proinflammatory gene expression during experimental allergic encephalomyelitis. Macrophages derived from A 1 AR knock-out animals exhibited increased expression of the proinflammatory genes, such as interleukin-1␤ (IL-1␤) and iNOS, upon immune activation compared with wild-type control mice. In a previous study, we showed that STAT1-induced inflammation is an important contributor to cisplatin ototoxicity (Kaur et al., 2011) . Because R-PIA attenuated cisplatin-induced activation of STAT1 (Figs. 4, 5) , these findings suggest that R-PIA-mediated otoprotection could similarly involve inhibition of STAT1- Figure 6 . Adenosine A 1 receptor activation attenuates cisplatin-induced inflammation in rat cochlea. A, Rats were treated with R-PIA or DPCPX ϩ R-PIA by trans-tympanic injections, followed by vehicle or cisplatin (11 mg/kg, i.p.). Rats were killed 3 d after the administration of vehicle or cisplatin. The cochleae were excised and processed for immunohistochemistry. Mid-modiolar sections of the cochlea were labeled with TNF-␣ antibodies, followed by fluorescein (green)-labeled secondary antibodies and DAPI staining to label the nucleus. Cisplatin increased TNF-␣ immunoreactivity in cochleae treated with cisplatin. However, the increases in immunolabeling were attenuated in cochlea pretreated with R-PIA. Scale bars (right bottom), 100 m. B, Magnified view of the OHCs presented in A. Arrows indicate three rows of OHCs. DC, Deiter's cells. Increased TNF-␣ immunoreactivity was observed in both OHCs and Deiter's cells. Scale bar, 10 m. C, TNF-␣ mRNA levels in the rat cochlea were determined by real-time PCR. Cisplatin induced increase in the mRNA levels were reduced by R-PIA pretreatment. Trans-tympanic administration of DPCPX, an A 1 AR antagonist, reversed the effects of R-PIA. D, Quantification of TNF-␣ immunoreactivity in different regions of the organ of Corti after different treatments. Data are presented as mean Ϯ SEM. *Statistically significant difference from vehicle-treated group; **statistically significant difference from vehicle ϩ cisplatin-treated group ( p Ͻ 0.05, n ϭ 5). regulated inflammatory pathways. To determine whether R-PIA prevented cisplatin-induced inflammation in vivo, we examined the levels of TNF-␣ in the cochlea by immunohistochemistry. High TNF-␣ immunolabeling was observed 3 d after administration of cisplatin in the SG and OHCs, but not in the SVA or SL, compared with vehicle-treated rats. Trans-tympanic administration of R-PIA suppressed the increases in the immunolabeling of TNF-␣ (Fig. 6A) . R-PIA also suppressed cisplatin-induced TNF-␣ mRNA levels from whole cochlear RNA preparations. Cisplatin induced a ϳ3.1 Ϯ 0.5 fold increase in the expression of TNF-␣ in the cochlea, and this was attenuated by trans-tympanic administration of R-PIA (0.37 Ϯ 0.3 fold; Fig. 6C) . Blockade of the A 1 AR with DPCPX led to reversal of the anti-inflammatory effect of R-PIA and to potentiation of cisplatin-induced TNF-␣ immunolabeling in the SVA and SL (Fig. 6 A, B,D) . A similar pattern of changes was observed at the mRNA level (Fig. 6C) . These data indicate that the OHCs and SG cells could produce cytokines (e.g., TNF-␣) in response to cisplatin and that the production of these cytokines is under the control of A 1 AR present on these cells. The finding that activation of the A 1 AR reduced the levels of TNF-␣ from these various regions of the cochlea suggests that increases in TNF-␣ in these regions might contribute to the overall inflammation and hearing loss produced by cisplatin and also support previous findings that inhibition of TNF-␣ by etanercept reduced cisplatin-induced hearing loss (Kaur et al., 2011) .
Activation of A 1 AR attenuates cisplatin-mediated apoptosis
Treatment with cisplatin increases cochlear cell apoptosis (Mukherjea et al., 2008) . We have shown previously that STAT1 is the key regulator of cisplatin-induced apoptosis both in vitro and in vivo by activating the classical apoptotic pathway directly (Kaur et al., 2011) . Induction of apoptotic markers involves the Ser 727 p-STAT1 instead of Tyr 701 p-STAT1 phosphorylation (Stephanou et al., 2001) . Results, described above, indicated that R-PIA targeted Ser 727 , but not Tyr 701 , for inhibition. Therefore, we investigated whether R-PIA also inhibits cisplatin-mediated apoptosis. UB/OC-1 cells were pretreated with R-PIA (1 M) before cisplatin administration (20 M) for 24 h. The percentage of apoptotic cells measured by Annexin V staining increased from ϳ9% for vehicle-treated cells to ϳ40% for cisplatin-treated . R-PIA reduced cisplatin-mediated apoptosis of UB/OC-1 cells. A, UB/OC-1 cells were treated with R-PIA for 0.5 h, followed by cisplatin (20 M) for an additional 24 h. Apoptosis was determined by measuring the percentage of Annexin-positive and Annexin plus propidium iodide-positive cells (lower right and upper right quadrant, respectively) by flow cytometry. B, Percentage of apoptotic cells for each treatment as determined in A and plotted as the mean Ϯ SEM (n ϭ 3). *Statistically significant difference from vehicle-treated group; **statistically significant difference from vehicle ϩ cisplatin-treated group ( p Ͻ 0.05). C, UB/OC-1 cells were treated with R-PIA for 0.5 h, followed by cisplatin (20 M) for an additional 24 h. Cells lysates were used to determine the levels of cleaved caspase 3, Bcl2, and ␤-actin (for normalization). Cisplatin induced the cleavage of procaspase-3, which was attenuated by R-PIA. R-PIA prevented the downregulation of anti-apoptotic protein Bcl2 induced by cisplatin treatment. The figure shown is a representative of four similar experiments showing similar results.
cells. The increase in apoptosis produced by cisplatin was abolished by R-PIA (Fig. 7 A, B ). An interesting observation was that a larger percentage of UB/OC-1 cells that were Annexin V positive (apoptotic) expressed A 1 AR than cells that were Annexin V negative (47 Ϯ 3% of apoptotic cells vs 30 Ϯ 2% of cells that were Annexin V negative). One explanation for these data is that cells that ultimately became apoptotic increased their output of A 1 AR in a futile effort to survive compared with cells that survived cisplatin. These data also suggest that the levels of A 1 AR on UB/ OC-1 cells alone do not dictate the survival of these cells against cisplatin; rather, it is the activation of the A 1 AR by agonist that was a key to survival.
Cisplatin-induced cleavage of pro-caspase 3 to caspase 3 was also abolished by R-PIA (Fig. 7C) . Cells exposed to cisplatin showed reductions in Bcl2 that were inhibited by R-PIA (Fig. 7C) . R-PIA also reduced cisplatin-induced p-53 induction (data not Figure 8 . R-PIA reduced cisplatin-mediated apoptosis in the rat cochlea. TUNEL assay was performed on the cochlear section isolated from Wistar rats treated with trans-tympanic injection of R-PIA (1 M) for 0.5 h, followed by vehicle or cisplatin (11 mg/kg) administration, and assessed 3 d later. Cisplatin increased the TUNEL-positive staining in the OHCs, Deiter' cells (DC), and SGs (see the higher magnification in the bottom). R-PIA pretreatment reduced the TUNEL-positive staining induced by cisplatin and DPCPX reversed the protective effect of R-PIA. DPCPX also produced nuclear fragmentation in OHCs and Deiter's cells from the cisplatin-treated cells rats (see red arrows). Top scale bar, 100 m. Magnified view of the OHCs and SGs is presented in bottom three panels. White arrows indicate three rows of OHCs. Bottom scale bar, 10 m.
shown) and prevented cisplatin-induced apoptosis in the organ of Corti of Wistar rats, as measured by TUNEL staining (Fig. 8) . Cisplatin produced damage to the OHCs, SG, SL, and SVA, as depicted by green fluorescent staining, indicating TUNELpositive cells. Trans-tympanic administration of R-PIA before cisplatin treatment reduced the number of TUNEL-positive cells in the respective areas of the organ of Corti mentioned above (Fig. 8) . At higher magnification, intense Annexin-FITC labeling was observed in both OHCs and Deiter's cells. R-PIA-mediated protection against cisplatin apoptosis was abolished by DPCPX. Increased nuclear fragments were observed in OHCs and Deiter's cells stained in the cisplatin ϩ DPCPX-treated cochleae compared with cisplatin-treated cochleae (Fig. 8, middle two panels) . These data implicate the A 1 AR in suppressing cisplatin-induced apoptotic of cochlear cells. The finding of greater nuclear damage induced by cisplatin in the presence of DPCPX suggests that the A 1 AR provides some level of tonic suppression of apoptosis in the cochlea. Similar findings were observed in the SG neurons, in which cisplatin-increased apoptosis was blocked by R-PIA, whereas this protective action was abolished by DPCPX (Fig. 8 , bottom three panels).
A 1 AR reduces STAT1 activation by inhibition of MAPKs Serine phosphorylation was first described for STAT1, STAT3, and STAT4 due to presence of a mitogen-activated protein kinase (MAPK) consensus sequence, PMSP, at the C-terminal tail at Ser 727 for STAT1 (Zhang et al., 1995) and STAT3 (Wen et al., 1995) . Phosphorylation of Ser 727 STAT1 could be achieved by serine kinases such as the MAPKs, ERK 1/2 (David et al., 1995; Jain et al., 1998 ), p38 (Turkson et al., 1999 Zauberman et al., 1999), and JNK (Lim and Cao, 1999; Turkson et al., 1999) . Phosphorylation could also be mediated by PKC-␦ (Jain et al., 1999) or PKC-(Aziz et al., 2010) . A number of studies have implicated ERK1/2 and p38 in cisplatin-mediated damage to the auditory hair cells (Wu et al., 2005; Previati et al., 2007; So et al., 2007; So et al., 2008; Abi-Hachem et al., 2010; Tabuchi et al., 2011) . We therefore, hypothesized that cisplatin increases Ser 727 p-STAT1 via the MAPK pathway. To test our hypothesis, we determined the effect of cisplatin on activation of MAPKs in UB/OC-1 cells. Cisplatin (2.5 M) increased the activity of ERK1/2, JNK and p38. Phosphorylation of ERK 1/2 and JNK started 45 min following cisplatin administration and remained elevated up to 120 min, whereas p38 phosphorylation started within 15 min and remained elevated up to 45 min before returning to baseline (Fig. 9A) . Pretreatment of UB/OC-1 cells with inhibitors of ERK 1/2 (PD98059), p38 (SB230580), and JNK (SP600125) reduced cisplatin increased Ser 727 p-STAT1 levels (Fig. 9B) . PD96059, SB230580 and SP600125 also reduced cisplatin-induced STAT1 luciferase activity in UB/OC-1 cells (Fig. 9C) . Similar to the results with cisplatin, inhibition of ERK1/2, p38 and JNK reduced IFN-␥ induced Ser 727 but not Tyr 701 p-STAT1 (Fig. 9D) , suggesting that the MAPKs regulate mainly the Ser 727 phosphorylation of STAT1. Furthermore, we show that R-PIA (1 M) reduced cisplatin-mediated activation of ERK1/2, p38, and JNK. These effects were reversed by DPCPX, implicating A 1 AR in these processes (Fig. 9E) . Overall, these data suggest that the protective action of the A 1 AR against cisplatin activation of STAT1 involves inhibition of the MAPK pathways. Additional studies were performed to determine whether MAPK inhibitors protect against cisplatin-induced apoptosis. Pretreatment of UB/OC-1 cells with SB230580 (10 M), PD98059 (10 M), or SP600125 (10 M), followed by cisplatin (20 M), led to significant reductions in apoptosis of UB/OC-1 cells. Cisplatin increased cell apoptosis to 47 Ϯ 1%, whereas SB230580, PD98059, and SP600125 reduced the levels of apoptosis to 18.8 Ϯ 0.2, 24.7 Ϯ 0.8, and 23.1 Ϯ 0.1%, respectively (Fig. 9F ).
Discussion
The major finding of this study is that the A 1 AR subserves an anti-inflammatory role in the cochlea that contributes to its ability to protect against cisplatin-induced hearing loss. This process primarily involves inhibition of ROS generation via NOX3 NADPH oxidase, which leads to inhibition of the STAT1 transcription factor and reduced expression of inflammatory mediators and pro-apoptotic proteins. Therefore, drugs that boost the levels of endogenous adenosine or activate the A 1 AR directly could play a pivitol role in the survival of cells in the organ of Corti against cisplatin-mediated apoptosis. Therefore, the A 1 AR could serve as an ideal target for otoprotective therapy against cisplatin-induced hearing loss.
The current study extends previous studies showing that activation of the A 1 AR protects against cisplatin-induced ototoxicity in the chinchilla (Ford et al., 1997b) and rat (Whitworth et al., 2004) . In the latter study, protection was mediated specifically via the A 1 AR, without contribution from other AR subtypes. This specificity is likely linked to the expression pattern of ARs in the cochlea, with the A 1 AR being the most abundant . It has also been shown that the adenosine analog ADAC protected the cochlea against cisplatin-induced loss of OHCs and hearing loss (Gunewardene et al., 2013) . The protective role of the A 1 AR in the cochlea was reported to be due to its ability to increase antioxidant enzymes, leading to decreased lipid peroxidation (Ford et al., 1997a) . This mechanism of protection appears quite plausible because administration of antioxidants reduces cisplatin ototoxicity (Rybak et al., 2007) . The broader significance of a ROS hypothesis for mediating hearing loss was not completely appreciated at that time. However, our recent studies have provided a link between ROS generation and inflammation in the cochlea. We have shown that STAT1 couples ROS generation to cisplatin-induced inflammation in the cochlea (Mukherjea et al., 2011; Kaur et al., 2011) . ROS mediate STAT1 Ser 727 phosphorylation, but not Tyr 701 phosphorylation (Kaur et al., 2011) . Ser 727 p-STAT1 interacts positively with p53 to enhance cell apoptosis. These studies clearly identified STAT1 as a critical factor in mediating cisplatin ototoxicity by regulating inflammatory and apoptotic processes. Accordingly, downregulation of STAT1 (by siRNA) or inhibition of TNF-␣ (by etanercept) protected against cisplatin-induced hearing loss (Kaur et al., 2011) .
In the current study, we determined whether activation of the A 1 AR regulates these cisplatin-induced ROS, inflammatory and apoptotic pathways. Our data identified NOX3 NADPH oxidase as a major target of inhibition by the A 1 AR. The A 1 AR inhibited NOX3 activity and reduced its expression, which could reduce the overall oxidative stress in the cochlea and highlight NOX3 as a novel target of the A 1 AR. This finding is highly significant in light of the current therapeutic strategy to inhibit NOX3 by small molecules for treating hearing loss (Rybak et al., 2012; Rousset et al., 2015) . We show that ROS stimulate MAPKs (ERK1/2, p38, and JNK), which activate Ser 727 p-STAT1 and its transcriptional activity through distinct phosphorylation sites for ERK1/2 and p38 identified in the STAT1 protein sequence. These data suggest a specific role of Ser 727 p-STAT1 in mediating cisplatin ototoxicity and as a target for the otoprotective action of the A 1 AR. The localization of the A 1 AR responsible for protection of OHCs against cisplatin-induced apoptosis is controversial. Previous studies indicated that the A 1 AR is localized primarily to the IHCs, Deiter's cells, and SG neurons (Vlajkovic et al., 2009) . We show the presence of A 1 AR, albeit at lower levels, on OHCs. Therefore, it is reasonable to conclude that protection of OHCs and preservation of hearing is mediated, at least in part, through activation of A 1 AR present on OHCs. However, it is possible protection of the OHCs is also mediated by A 1 AR present on Deiter's cells, which also express A 1 AR (Vlajkovic et al., 2009 ) through some intercellular processes. We observed that cisplatin increased the levels of TNF-␣ and apoptosis of Deiter's cells that were inhibited by activation of the A 1 AR. Protection of Deiter's cells would lead indirectly to protection of OHCs (May et al., 2013) . Cisplatin also Figure 10 . Proposed model of A 1 AR protection against cisplatin-induced ototoxicity. Cisplatin activates and induces NOX3, which triggers MAPK and STAT1 activation. STAT1 increases cochlear inflammation (production of TNF-␣, iNOS, and COX-2), which contributes to apoptosis. A 1 AR reduction of cisplatin-induced apoptosis could also result from a direct reduction in DNA damage (as assessed by reduction in cleaved caspase).
produced a global increase in TNF-␣, which could contribute to the overall inflammatory stress experienced by the OHCs.
Although the OHCs were sensitive to cisplatin, the IHCs were relatively resistant to this drug (Nakai et al., 1982) . We reasoned that the A1AR present on IHCs could contribute to their resistance to cisplatin. However, blockade of the A 1 AR in neonatal organ of Corti explant cultures enhanced loss of OHCs, but did not affect the number of IHCs. Therefore, other mechanisms underlying resistance of IHCs to cisplatin have to be invoked. An interesting observation is that the IHCs express a high-affinity thiamine transporter, disruption of which leads to selective loss of these cells (Liberman et al., 2006 ). An accumulation of thiamine, a potential scavenger of cisplatin, into these cells might render them resistant to cisplatin. Lower levels of expression of SLC19A2 in OHCs (Fleming et al., 2001) could render them less able to detoxify cisplatin and thus succumb to this drug. It is also possible that OHCs and IHCs express different platinum influx and efflux transporters that could regulate the steady-state drug levels.
Cisplatin-derived ROS increased the expression of the A 1 AR by activating NF-B (Nie et al., 1998) , which could serve as a compensatory mechanism to reduce the toxicity of cisplatin. Other studies support a role of the ROS/NF-B axis in the regulation of the A 1 AR by oxidative stress (Pingle et al., 2004; Jajoo et al., 2006; Basheer et al., 2007; Pingle et al., 2007) .
Localized trans-tympanic administration of R-PIA is needed for otoprotection to avoid potential systemic side effects of this drug. However, the recent observation that another A 1 AR agonist, adenosine amine congener, is otoprotective when administered systemically could facilitate the testing of this latter agent for otoprotection in human (Vlajkovic et al., 2010; Gunewardene et al., 2013) . Complications of using adenosine analogs systemically for treating cisplatin-induced hearing loss are predicted cardiovascular and CNS side effects, along with the possibility that these drugs could interfere with cisplatin chemotherapeutic efficacy. Previous studies indicate differing roles of the A 1 AR in different cancers. Activation of the A 1 AR suppresses CW2 human colon cancer growth (Saito et al., 2010) , but promotes the growth of breast cancer cells (Mirza et al., 2005) . These findings suggest limiting the systemic use of A 1 AR drugs when patients are administered cancer chemotherapeutic drugs such as cisplatin.
In a previous study (Kaur et al., 2011) , we observed intense staining for immune cell markers (such as TNF-␣) in the SVA, OHCs, SG, and SL after cisplatin administration (Kaur et al., 2011) . These data are somewhat different from the current findings, which show no statistically significant increase in TNF-␣ immunoreactivity in the SVA and SL induced by cisplatin. However, increases in TNF-␣ levels were observed after the administration of cisplatin with DPCPX to inhibit the A 1 AR. One explanation for the difference is that the conclusion from the previous study was based on visual inspection of the different regions for TNF-␣ immunofluorescence, whereas the current findings are based on actual quantification of the immunofluroscence. Secretion of inflammatory cytokines cells in the SG cells, SVA, and SL could increase the overall TNF-␣ levels experienced by cells in the organ of Corti. The expression of these immune markers was reduced by A 1 AR activation at these locations, suggesting a functional anti-inflammatory role of this receptor at these locations in the cochlea. In several experiments, we showed that the addition of the A 1 AR antagonist DPCPX not only blocked the protective effects of the agonist, but also potentiated cisplatin-induced ototoxicity, implying an active role of the endogenous A 1 AR signaling system in otoprotection. Certainly, this endogenous system is only partially effective against cisplatininduced ototoxicity and requires exogenous agonist to become fully effective. However, such an endogenous system could be protective against lower levels of oxidative and inflammatory stressors.
An obvious limitation of our study is that the findings obtained in UB/OC-1 cultures, derived from an embryonic mouse hair cell precursor line, might not be relevant to the adult rat cochlea. However, in most cases, the biochemical findings observed in these studies using UB/OC-1 cultures matched those observed in the rat cochlea. This suggests that, within the scope of this study, the UB/OC-1 cells were a relevant in vitro model with which to study the cochlea.
In summary, the current data show that the cochlea expresses A 1 AR, which mediates tonic suppression of oxidative, inflammatory, and apoptotic processes. Administration of an A 1 AR agonist enhances the protective role of adenosine and protects against cisplatin ototoxicity by inhibiting the NOX3/STAT1 signaling pathway. Protection is conferred primarily through suppression of cochlear oxidative stress and inflammation, which could initiate apoptosis of OHCs. In addition, protection could also be mediated through regulation of DNA damage/repair processes that reduce apoptosis (Fig. 10) . Therefore, we propose that localized delivery of A 1 AR agonists could serve as effective adjuncts to cisplatin chemotherapy to reduce the high degree of hearing loss observed in cancer patients treated with this drug regimen.
